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Background: Levels fulfilling seniority scheme and relevant isomers are commonly observed
features in semi-magic nuclei, for example in Sn isotopes (Z = 50). Seniority isomers in Sn, with
dominantly pure neutron configurations, directly probe the underlying neutron-neutron (νν) in-
teraction. Further, an addition of a valence proton particle or hole, through neutron-proton (νpi)
interaction, affects the neutron seniority as well as the angular momentum.
Purpose: Benchmark the reproducibility of the experimental observables, like the excitation
energies (EX) and the reduced electric quadrupole transition probabilities (B(E2)), with the results
obtained from shell model interactions for neutron-rich Sn and Sb isotopes with N < 82. Study the
sensitivity of the aforementioned experimental observables to the model interaction components.
Further, explore from a microscopic point of view the structural similarity between the isomers in
Sn and Sb, and thus the importance of the valence proton.
Methods: The neutron-rich 122−131Sb isotopes were produced as fission fragments in the reaction
9Be(238U, f) with 6.2 MeV/u beam energy. An unique setup, consisting of AGATA, VAMOS++
and EXOGAM detectors, was used which enabled the prompt-delayed gamma-ray (γ) spectroscopy
of fission fragments in the time range of 100 ns - 200 µs.
Results: New isomers, prompt and delayed transitions were established in the even-A 122−130Sb
isotopes. In the odd-A 123−131Sb isotopes, new prompt and delayed γ-ray transitions were identified,
in addition to the confirmation of the previously known isomers. The half-lives of the isomeric states
2and the B(E2) transition probabilities of the observed transitions depopulating these isomers were
extracted.
Conclusions: The experimental data was compared with the theoretical results obtained in the
framework of Large-Scale Shell-Model (LSSM) calculations in a restricted model space. Modifica-
tions of several components of the shell model interaction were introduced to obtain a consistent
agreement with the excitation energies and the B(E2) transition probabilities in neutron-rich Sn
and Sb isotopes. The isomeric configurations in Sn and Sb were found to be relatively pure. Further,
the calculations revealed that the presence of a single valence proton, mainly in the g7/2 orbital in
Sb isotopes, leads to significant mixing (due to the νpi interaction) of: (i) the neutron seniorities
(υν) and (ii) the neutron angular momentum (Iν). The above features have a weak impact on the
excitation energies, but have an important impact on the B(E2) transition probabilities. In addi-
tion, a constancy of the relative excitation energies irrespective of neutron seniority and neutron
number in Sn and Sb was observed.
I. INTRODUCTION
The Sn isotopes, with basically a spherical shape, span
between two doubly magic nuclei, the neutron-deficient
100Sn (Z = N = 50) and the neutron-rich 132Sn
(Z = 50, N = 82). A constant trend, as a
function of neutron number, in the excitation energies
(EX) of the 2
+ state and the parabolic shape (with a
dip around N = 66) of the reduced electric quadrupole
transition probabilities (B(E2; 2+ → 0+)), was observed
for the even-A Sn isotopes [1, 2]. The observed trend
has recently been clarified using state-of-the-art Monte-
Carlo Shell-Model (MCSM) calculations with a large
model space, where the dip in the B(E2) was shown
to correspond to a novel shape evolution from moder-
ately deformed phase to pairing (seniority) phase around
N = 66 [3]. These calculations required huge computa-
tional resources, hence only 0+, 2+, and 4+ states were
calculated for fitting purpose. Recently, the parabolic
behaviour of the B(E2; 10+ → 8+) in even-A 116−130Sn
was described in the generalised seniority (υ) scheme in
Ref. [4], showing the necessity of the incorporation of
configuration mixing of neutron νh11/2, νd3/2 and νs1/2
orbitals instead of a pure νh11/2 orbital, with generalised
seniority being pure υν = 2 (υν stands for neutron senior-
ity, which refers to the number of unpaired neutrons). It
is known that seniority is a good quantum number for
lj ≤ f7/2. This becomes a partial symmetry in the case
of lj = g9/2 in
72,74Ni [5]. In these isotopes, the (6+)υν=4
state has a lower excitation energy than the (6+)υν=2,
leading to a disappearance of the seniority (8+)υν=2 iso-
mers. At present, there is no indication of disappear-
ance of (10+)υν=2 seniority isomers in the Sn isotopes
(lj = h11/2), indicating that the 8
+ state in Sn is still a
pure υν = 2 state. Recent results on the low-lying high-
spin states in even-A 124−128Sb (Z = 51) and 122−126In
(Z = 49) suggested that there is a significant mixing of
the seniorities, υν = 1 and 3, due to the presence of a
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single valence proton particle/hole in the g7/2/g9/2 or-
bital [6]. It was shown in Ref. [6] that the interaction of
a single proton particle/hole in the g7/2/g9/2 spin-orbit
partners in Sb/In isotopes, respectively with the neutrons
energetically favoured the state with one broken pair of
neutrons (breaking of the seniority) over a state with no
broken pairs for the low-lying high-spin states.
The experimental study of nuclei near the shell closures
serves as an important test bench for directly probing the
nucleon-nucleon interaction. This acts as important in-
put for existing shell-model interactions and allows to
improve the predictive power of such calculations. In
particular, the mass A ∼ 130 region, near shell closure,
is an interesting area of research in contemporary nuclear
physics, as 132Sn is so far the heaviest neutron-rich unsta-
ble doubly magic nucleus and it is possible to access this
region with the recent advent of new accelerator facilities
and large detector arrays [7–10]. The excitation energies
(EX) and the transition strengths (B(E2)/B(M1)) of
neighbouring nuclei near 132Sn act as a testing ground
to shell-model calculations and the associated interac-
tions [6, 11–15].
Even-A 118−130Sn isotopes possess 7− and 10+ iso-
mers, with dominant neutron νh−1
11/2d
−1
3/2 and νh
−2
11/2
configurations, respectively [16–19]. Similarly, odd-A
119−129Sn isotopes display 23/2+ and 27/2− isomers with
dominant νh−2
11/2d
−1
3/2 and νh
−3
11/2 configurations, respec-
tively [18, 20, 21], an additional hole in the νh11/2 orbital
coupled to the counterparts, 7− and 10+ isomers in even-
A Sn, respectively. The experimental data from these
nuclei, due to proton shell closure, probe the neutron-
neutron (νν) interaction. Odd-A 121−131Sb isotopes have
19/2− and 23/2+ isomers with dominant pig7/2νh
−1
11/2d
−1
3/2
and pig7/2νh
−2
11/2 configurations [22–26], an additional
proton particle in g7/2 coupled to the 7
− and 10+ iso-
mers in even-A Sn, respectively. The isomers in even-A
122−128Sb isotopes, except for 130Sb, were not known and
are newly observed in this work. The experimental data
on Sb isotopes, in addition to the information obtained
for Sn, probe the neutron-proton (νpi) interaction. The
present manuscript discusses the four different cases of
configurational similarities between Sn and Sb:
Case I: 10+ → 8+ (νh−2
11/2) in even-A Sn and 23/2
+ →
319/2+ (pig7/2νh
−2
11/2) in odd-A Sb
Case II: 7− → 5− (νh−1
11/2d
−1
3/2) in even-A Sn and
19/2− → 15/2− (pig7/2νh
−1
11/2d
−1
3/2) in odd-A Sb
Case III: 23/2+ → 19/2+ (νh−2
11/2d
−1
3/2) in odd-A Sn and
13+ → 11+ (pig7/2νh
−2
11/2d
−1
3/2) in even-A Sb
Case IV: 27/2− → 23/2− (νh−3
11/2) in odd-A Sn and
16− → 14− (pig7/2νh
−3
11/2) in even-A Sb.
II. EXPERIMENTAL DETAILS
The neutron-rich 122−131Sb isotopes were produced as
fission fragments via fusion- and transfer-induced fission
reactions at GANIL, using a 238U beam at an energy of
6.2 MeV/u, with typical beam intensity of 1 pnA on a
9Be target (1.6 and 5 µm thick). The unambiguous iso-
topic identification of the fission fragments (Z, A, q) was
achieved using the VAMOS++ spectrometer, placed at
20◦ relative to the beam axis [27–29]. The focal plane de-
tection system of VAMOS++ was constituted of a Multi-
Wire Proportional Counter (MWPC), two drift chambers
and a segmented ionization chamber. The AGATA γ-
ray tracking array, consisting of 32 crystals, was placed
at 13.5 cm from the target position [30]. The velocity
vector of the recoiling ions (measured by Dual Position-
Sensitive MWPC (DPS-MWPC) detector [31], placed at
the entrance of the VAMOS++ spectrometer, and the γ-
ray emission angle (determined using AGATA) were used
to obtain the Doppler corrected prompt γ rays (γP ), on
an event-by-event basis. Gamma-ray interaction points,
determined by Pulse Shape Analysis (PSA) and GRID
search algorithm techniques, were tracked using the Or-
say Forward Tracking (OFT) algorithm, as described in
Ref. [32]. The delayed γ rays (γD) were detected using
seven EXOGAM HPGe Clover detectors [33], arranged in
a wall like configuration at the focal plane of VAMOS++.
The particle identification (PID) spectra, intrinsic reso-
lutions of the spectrometer (∆Z/Z, ∆A/A, ∆q/q) and
additional experimental details are given in Ref. [32].
The contamination from neighboring isobars, arising
from the resolution in atomic number Z, was subtracted
for prompt γ-ray spectra. In addition to the back-
ground reduction for the delayed spectra as suggested
in Ref. [32], the subtraction in delayed spectra for neigh-
boring isotopes was performed for all the Sb isotopes.
The γ-γ matrices (γP − γP , γD − γD, and γP − γD)
were generated for both the prompt (P) and delayed
(D) transitions for all the Sb isotopes. The uncertain-
ties in the energy of the prompt and delayed γ rays
is ∼ 1 keV. The efficiencies for the prompt and de-
layed γ rays were determined separately, as mentioned
in Ref. [32]. The correction for the half-lives as men-
tioned in Ref. [32], was also taken into account. The
spin-parities were assigned based on systematics and shell
model calculations. One- (A0 × e
−t/A1ln2 + A2), two-
(A0×
A2
A1−A2
×(e−t/A1ln2−e−t/A2ln2)+A3×e
−t/A2ln2+A4)
and three-component fits, where Ai (i = 0, ..., 4) are the
fitting parameters, were carried out for the estimation
of half-lives of the states, wherever required. The con-
version coefficients used for the estimation of the B(E2)
transition probabilities were taken from BrIcc [34].
III. EXPERIMENTAL RESULTS
A summary of the level schemes for all the odd-A and
even-A 122−131Sb isotopes are shown in Fig. 1. Already
known γ-ray transitions are shown in black. Newly iden-
tified prompt and delayed transitions are shown by red
and blue, respectively. Already known half-lives which
have not been measured in this work are shown. The
remeasured and newly measured half-lives have been in-
dicated by a red line and a red box, respectively. The
width of the arrows are proportional to the intensity of
the transitions. The intensities of the prompt and de-
layed transitions have been separately measured and the
lowest transition is normalized to 100 in each case. The
prompt γ-ray transition emitted by the complementary
fission fragment [28, 29] (mainly from the fusion-fission)
are observed and identified (marked by ”c” in all the
spectra) in the low energy part of the γ-ray spectra. The
random coincidences with X-ray emitted by 238U is also
observed and is marked by an @ symbol.
A. 122Sb
Previous measurements on 122Sb were reported in
Refs. [35, 36]. The level scheme as obtained in the present
work is shown in Fig. 1. Table I shows the properties of
all the transitions assigned in this work.
TABLE I. Properties of the transitions assigned to 122Sb ob-
tained in this work
Eγ Iγ J
pi
i → J
pi
f Ei Ef
445.2 100 (9−)→ (8)− 445 0
657.2 63(14) (10−)→ (9−) 1102 445
1102.2 29(18) (10−)→ (8)− 1102 0
The A− and Z−gated tracked Doppler corrected
prompt singles γ-ray (γP ) spectrum for
122Sb is shown
in Fig. 2. Three new prompt transitions 445, 657 and
1102 keV transitions are seen and these are marked with
an asterisk. Based on the relative intensities, the 445 keV
γ-ray is placed above the (8)− level (a 4.2 min isomeric
state observed in Ref. [35]). In addition, it follows the
systematics with the higher even-A Sb isotopes. Due
to low statistics, no γP -γP coincidence could be carried
out. However, based on the summation of gammas, the
intensities and the systematics, the 657 keV is placed
above the 445 keV with the (10−) level decaying by the
1102 keV to the (8)− state. No A− and Z−gated delayed
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FIG. 1. (Color online) The level schemes of 122−131Sb. The newly observed γ-ray transitions above and below the isomer are indicated in red and blue, respectively.
The width of the arrows represent the intensity of the transitions. The isomeric states are indicated by a thick line. The previously known half-lives but remeasured
in this work have been underlined by a red line, whereas the newly measured half-lives have been marked with a red box. The half-lives not measured in this work are
also shown.
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FIG. 2. A− and Z−gated γ-ray spectrum for 122Sb: The
tracked Doppler corrected prompt singles γ-ray (γP ) spec-
trum. The newly identified γ rays are marked with an aster-
isk.
γ rays (γD) in
122Sb could be identified from the present
experiment.
B. 123Sb
The spectroscopy of 123Sb isotope was previously stud-
ied in Refs. [22, 23, 37, 38]. The level scheme as obtained
in the present work is shown in Fig. 1. Table II shows
the properties of all the transitions assigned in this work.
The A− and Z−gated γ-ray spectra for 123Sb are
shown in Fig. 3. The tracked Doppler corrected prompt
singles γ-ray spectrum (γP ) for
123Sb is shown in
Fig. 3(a). Previously observed 160, 956 and 1089 keV
transitions are seen in this spectrum. Two new prompt
γ-ray transitions, namely 244 and 439 keV, are identi-
fied and these are marked with an asterisk. The delayed
γ-ray spectrum (γD) for 0 < tdecay < 2 µs is shown in
Fig. 3(b), yielding 160, 200, 382, 395, 568, 626, 1031,
1089 and 1101 keV transitions, as expected from previ-
ous works. The half-life fit (one-component) for the de-
cay spectrum upon gating on 200 keV transition yields a
TABLE II. Properties of the transitions assigned to 123Sb ob-
tained in this work. The top and bottom panels, separated
by a line, are for the prompt and delayed transitions, respec-
tively.
Eγ Iγ J
pi
i → J
pi
f Ei Ef
244.1 78(16) (27/2+)→ (25/2+) 3298 3054
439.2 100 (25/2+)→ 23/2+ 3054 2615
128.2 29(16) 23/2+ → 19/2+ 2615 2487
159.8 63(36) 5/2+ → 7/2+ 160 0
200.4 108(57) (19/2−)→ 15/2− 2239 2039
382.0 112(54) 15/2− → 11/2− 2039 1657
395.4 44(23) 11/2− → 9/2+ 1657 1261
441.6 32(11) 19/2+ → 15/2+ 2487 2045
568.2 35(17) 11/2− → 11/2+ 1657 1089
626.0 125(56) 11/2− → 9/2+ 1657 1031
956.0 37(14) 15/2+ → 11/2+ 2045 1089
1030.5 141(64) 9/2+ → 7/2+ 1031 0
1089.0 100 11/2+ → 7/2+ 1089 0
1101.0 44(22) 9/2+ → 5/2+ 1261 160
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FIG. 3. (Color online) A− and Z−gated γ-ray spectra for
123Sb: (a) The tracked Doppler corrected prompt γ-ray (γP )
spectrum with the new γ-ray transitions marked with as-
terisk. (b) and (c) The delayed γ-ray (γD) spectra for 0
< tdecay <2 µs and 6 < tdecay < 100 µs, respectively. The
insets in (b) and (c) show the decay curves along with the fits
for the 200 and 128 + 442 + 956 keV transitions, respectively.
(d) γP in coincidence with any γD for 6 < tdecay < 100 µs.
value of T1/2 = 222(23) ns for the (19/2
−) state (in agree-
ment with the quoted value of 214(3) ns in Ref. [23]),
which gives B(E2; 19/2− → 15/2−) = 6.9(7) e2fm4.
However, the weak delayed transitions, which were men-
tioned in Refs. [23, 38], namely the 949, 1007, 1260 and
1656 keV transitions, are not observed owing to the low
statistics in our dataset. Similarly, Fig. 3(c) shows the
delayed γ-ray spectrum (γD) for 6 < tdecay < 100 µs,
leading to 128, 442, 956 and 1089 keV transitions. A
half-life fit (one-component) for the decay spectrum upon
gating on 128, 442 and 956 keV transitions yields a value
of T1/2 = 66(4) µs for the 23/2
+ state (in agreement with
the value of 65(1) µs reported in Ref. [23]), which gives
B(E2; 23/2+ → 19/2+) = 0.15(1) e2fm4. However, the
weak transitions 100, 148, 348, 375 and 1250 keV, which
were mentioned in Ref. [23], are not observed owing to the
low statistics in our dataset. The tracked Doppler cor-
6rected γP in coincidence with any γD (for 6 < tdecay <
100 µs) is shown in Fig. 3(d). This spectrum yields the
two newly identified prompt γ-ray transitions, 244 and
439 keV transitions. In order to confirm these newly
found prompt transitions, a gate when applied on the
prompt 244 and 439 keV transitions yielded the delayed
128 keV (not shown in this figure). Thus these two new
transitions are placed above the 23/2+ isomer. However,
the tracked Doppler corrected γP in coincidence with any
γD for 0< tdecay < 2 µs, did not result in any new prompt
γ rays and hence no γ-ray is placed above the (19/2−)
isomer.
C. 124Sb
The γ-ray spectroscopy measurement on the high-spin
states in 124Sb was previously reported in Ref. [6]. The
level scheme as obtained in the present work is shown in
Fig. 1. Table. III shows the properties of all the transi-
tions assigned in this work.
The A− and Z−gated tracked Doppler corrected
prompt singles γ-ray spectrum for 124Sb is shown in
Fig. 4(a). The already identified γ rays in Ref. [6], namely
512, 556 and 1068 keV are seen. Other than these, four
new prompt 143, 338, 428 and 1012 keV γ-ray transitions
are identified (marked with an asterisk). Figure 4(b)
shows the A− and Z−gated tracked Doppler corrected
prompt γ-γ coincidence (γP -γP ) spectrum with gate on
the 1068 keV transition. This shows that the 1012 keV
transition is in coincidence and hence is placed in the
level scheme. The placement of 1012 keV transition in
the level scheme follows the systematics with the other
even-A Sb isotopes. The other prompt transitions 143,
338 and 428 keV are not placed as these are not observed
in the coincidence spectrum. These γ rays probably be-
long to the side band (as observed above the isomer in
the case of 126Sb). No delayed γ rays could be identified
for 124Sb, using the present setup.
TABLE III. Properties of the transitions assigned to 124Sb
obtained in this work
Eγ Iγ J
pi
i → J
pi
f Ei Ef
512.3 30(6) (10−)→ (9−) 1068 556
556.0 100 (9−)→ (8−) 556 0
1012.0 29(6) (12−)→ (10−) 2080 1068
1068.4 69(13) (10−)→ (8−) 1068 0
D. 125Sb
Previous measurements on the γ-ray spectroscopy of
high-spin states in 125Sb were reported in Refs. [22, 37,
39]. The level scheme as obtained in the present work is
shown in Fig. 1. Table IV shows the properties of all the
transitions assigned in this work.
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FIG. 4. A− and Z−gated γ-ray spectra for 124Sb: (a) The
tracked Doppler corrected prompt γ-ray (γP ) singles spec-
trum. (b) The prompt γ-γ (γP -γP ) spectrum with gate on
1068 keV transition. The newly identified prompt transitions
are marked with an asterisk.
TABLE IV. Properties of the transitions assigned to 125Sb
obtained in this work. The top and bottom panels, separated
by a line, are for the prompt and delayed transitions, respec-
tively.
Eγ Iγ J
pi
i → J
pi
f Ei Ef
345.3 45(5) (31/2−)→ (27/2−) 4138 3795
438.7 26(3) (35/2−)→ (31/2−) 4579 4138
446.5 100 (25/2+)→ 23/2+ 2919 2472
453.1 17(2) (33/2+)→ (31/2+) 4981 4528
482.0 50(3) (27/2+)→ (25/2+) 3401 2919
538.1 13(3) (35/2+)→ (33/2+) 5366 4934
542.7 30(2) (29/2+)→ (27/2+) 3943 3401
584.8 23(3) (31/2+)→ (29/2+) 4528 3943
657.8 79(6) (27/2−)→ (23/2−) 3795 3138
1025.4 100 (23/2−)→ 19/2− 3138 2112
105.1 6(4) 17/2− → 19/2− 2217 2112
108.1 29(19) 19/2+ → 17/2− 2326 2217
132.1 24(13) 19/2+ → 15/2+ 2326 2194
140.7 51(28) 19/2− → 15/2− 2112 1972
146.3 52(27) 23/2+ → 19/2+ 2472 2326
213.3 5(2) 19/2+ → 19/2− 2326 2112
245.9 19(11) 17/2− → 15/2− 2217 1972
332.0 34(13) 19/2+ → 15/2+ 2326 1994
881.8 50(17) 15/2− → 11/2+ 1972 1090
903.8 95(32) 15/2− → 9/2+ 1972 1068
904.1 29(10) 15/2+ → 11/2+ 1994 1090
1067.7 100 9/2+ → 7/2+ 1068 0
1089.7 54(18) 11/2+ → 7/2+ 1090 0
1104.1 35(12) 15/2+ → 11/2+ 2194 1090
The A− and Z−gated γ-ray spectra for 125Sb is shown
in Fig. 5. The tracked Doppler corrected prompt sin-
gles γ-ray spectrum (γP ) for
125Sb is shown in Fig. 5(a).
The previously known 332, 446, 482, 453, 538, 543, 904,
1068, 1090 and 1104 keV transitions are observed. Seven
new prompt γ-ray transitions, namely 289, 345, 439, 585,
625, 658, and 1025 keV transitions are identified (marked
with an asterisk). The inset shows the tracked Doppler
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FIG. 5. (Color online) A− and Z−gated γ-ray spectra for
125Sb: (a) The tracked Doppler corrected prompt singles γ-
ray (γP ) spectrum with the new γ-ray transitions marked
with asterisk. The inset shows the tracked Doppler corrected
prompt γP -γP coincidence spectrum with gate on the newly
observed 658 keV γ-ray (b) and (c) The delayed singles γ-ray
(γD) spectra for 0 < tdecay < 3 µs and 5 < tdecay < 60 µs,
respectively. The insets in (b) and (c) shows the delayed γD-
γD coincidence spectra with gate on 146 and 141 keV γ rays,
respectively. (d) Tracked Doppler corrected γP in coincidence
with γD = 146 keV γ-ray (for 0 < tdecay < 3 µs). The in-
set shows the decay curve along with the fit for the 146 keV
transition. (e) γP in coincidence with the γD = 141 keV γ-ray
(for 5 < tdecay < 60 µs). The inset shows the decay curve
along with the fit for the 141 keV transition.
corrected prompt γP -γP coincidence spectrum with gate
on the newly identified 658 keV transition. This spec-
trum shows that the 345, 439, 658 and 1025 keV γ rays
are in coincidence. A similar coincidence spectrum was
obtained for the 446, 453, 482, 538, 543 and 585 keV
transitions (not shown in this figure). No γ rays are
seen in coincidence with the 289 and 625 keV transitions,
hence these are not placed in the level scheme. The de-
layed γ-ray (γD) spectrum for 0 < tdecay < 3 µs is
shown in Fig. 5(b) yielding 105, 108, 132, 146, 213, 246,
332, 904 (15/2+ → 11/2+), 1090 and 1104 keV transi-
tions, as expected from the level scheme. The 213 keV
is newly identified and this is marked with an hash in
the spectrum. The inset of Fig. 5(b) shows the de-
layed γD-γD coincidence spectrum with gate on 146 keV
transition, yielding all the intense delayed transitions.
Similarly, Fig. 5(c) shows the delayed γ-ray spectrum
for 5 < tdecay < 60 µs, leading to 141, 882, 904
(15/2− → 9/2+), 1068 and 1090 keV transitions. The
inset of Fig. 5(c) shows the delayed γD-γD coincidence
spectrum with gate on 141 keV transition, yielding 904
and 1068 keV γ rays as expected from previous works.
The tracked Doppler corrected γP in coincidence with
γD = 146 keV (for 0 < tdecay < 3 µs) is shown in
Fig. 5(d). This spectrum yields the prompt γ-ray tran-
sitions, 446, 453, 482, 538, 543 and 585 keV transitions.
In the previous Ref. [37], these prompt transitions, ex-
cept 585 keV, were assigned negative-parities and placed
above the 19/2− isomer. Here we propose these transi-
tions to be positive-parity states and placed above the
23/2+ isomer, as observed from prompt-delayed coinci-
dences. Based on the intensities, the 585 keV transition
is placed above the 543 keV transition, and the 453 and
538 keV transitions are replaced. The 432 keV transition,
seen in Ref. [37], is not observed in coincidence, hence it
is not assigned in the present level scheme. The half-life
fit (one-component) for the decay spectrum upon gating
on 146 keV transition yields a value of T1/2 = 278(7) ns
for the 23/2+ (in agreement with the value of 272(16) ns
reported in Ref. [22]), which is shown in the inset of
Fig. 5(d). This leads to B(E2; 23/2+ → 19/2+) =
21.3(6) e2fm4. The tracked Doppler corrected γP in co-
incidence with γD = 141 keV for 5 < tdecay < 60 µs, re-
sulted in the observation of the newly identified 1025 keV
γ-ray. As seen from the inset of Fig. 5(a), the 345,
439, 658 and 1025 keV transitions are in coincidence,
and hence are placed above the 19/2− isomer. The in-
set of Fig. 5(d) shows the half-life fit (two-component
with one component fixed to 278 ns) for the decay spec-
trum upon gating on 141 keV transition yield a value of
T1/2 = 28.8(6) µs for the 19/2
− state (in agreement with
the quoted value of 28.0(7) µs in Ref. [22]), which yields
B(E2; 19/2− → 15/2−) = 0.24(1) e2fm4.
E. 126Sb
Gamma-ray spectroscopy measurements on the high-
spin states in 126Sb was previously reported in Ref. [6].
The level scheme as obtained in the present work is shown
in Fig. 1. Table. V shows the properties of all the tran-
sitions assigned in this work.
The A− and Z−gated γ-ray spectra for 126Sb are
shown in Fig. 6. The tracked Doppler corrected prompt
singles γ-ray spectrum (γP ) for
126Sb is shown in
Fig. 6(a). The already known γ rays from Ref. [6], namely
353, 374, 443, 671, 961 and 1045 keV are observed. In
addition, new prompt γ rays 130, 412, 424, 491, 498,
502 and 1101 keV (marked with an asterisk) are iden-
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FIG. 6. (Color online) A− and Z−gated γ-ray spectra for
126Sb: (a) Tracked Doppler corrected Prompt γ-ray singles
spectrum (γP ). The inset shows the tracked Doppler cor-
rected γP -γP coincidence spectrum with sum gate on γP ’s,
namely the 353, 443 and 961 keV transitions. The newly
identified prompt γ rays are marked with an asterisk. (b) The
delayed singles γ-ray spectrum (γD) for 0 < tdecay < 4 µs.
The newly identified delayed γ rays are marked with hash.
The inset shows the tracked Doppler corrected γP -γP coin-
cidence spectrum with gate on the newly identified 491 keV
prompt γ-ray. (c) and (d) The decay curve along with the fit
for the delayed 121 and 645 keV transitions, respectively.
tified. The tracked Doppler corrected prompt γ-γ coin-
cidence (γP -γP ) spectrum with a sum gate of 353, 443
and 961 keV prompt γ-ray transitions is shown in the in-
set of Fig. 6(a). This spectrum shows that the 353, 374,
412, 424, 443, 498, 671, 961 and 1045 keV transitions
are in coincidence and the newly observed transitions are
marked with an asterisk. Figure 6(b) shows the delayed
γ-ray (γD) singles spectrum, with 0 < tdecay < 4 µs.
This spectrum shows the presence of two new delayed 121
and 645 keV transitions, besides the 1045 keV transition
(marked with an hash). The inset in Fig. 6(b) shows
the tracked Doppler corrected prompt γ-γ coincidence
spectrum (γP -γP ) gated on the newly identified 491 keV
transition. This shows that the 130, 491 and 502 keV
transitions are in coincidence and these are placed above
TABLE V. Properties of the transitions assigned to 126Sb ob-
tained in this work. The top and bottom panels, separated
by a line, are for the prompt and delayed transitions, respec-
tively.
Eγ Iγ J
pi
i → J
pi
f Ei Ef
130.1 44(4) (14+)→ (13+) 2813 2682
352.9 72(7) (14−)→ (12−) 2359 2006
373.5 35(5) (10−)→ (9−) 1045 671
411.9 39(5) (16−)→ (15−) 3214 2802
423.5 17(2) (17−)→ (16−) 3638 3214
443.3 59(7) (15−)→ (14−) 2802 2359
491.4 78(7) (13+)→ (12+) 2682 2191
497.6 13(2) (18−)→ (17−) 4135 3638
501.8 100 (12+)→ (11+) 2191 1689
671.2 100 (9−)→ (8−) 671 0
961.4 79(11) (12−)→ (10−) 2006 1045
1044.9 87(7) (10−)→ (8−) 1045 0
1101.1 100 (15+)→ (13+) 2912 1811
121.3 70(43) (13+)→ (11+) 1811 1689
644.6 76(29) (11+)→ (10−) 1689 1045
the (11+) state in the level scheme, following the system-
atics with higher even-A Sb isotopes. Also in Fig. 6(a),
the newly identified 1101 keV transition, is not observed
in the tracked Doppler corrected prompt γP −γP spectra
(insets of Fig. 6(a) and (b)). Following the systematics
with 128Sb, this is placed above the (13+) state. The de-
cay spectrum of the delayed 121 keV transition is shown
in Fig. 6(c). An exponential fit (one-component) yields
a value of 90(16) ns. This gives B(E2; 13+ → 11+) =
131(28) e2fm4. The half-life of the 645 keV transition
was also measured with T1/2 = 60(20) ns, as shown in
Fig. 6(d) (using a two-component fit with one compo-
nent fixed to 90 ns).
F. 127Sb
Previous γ-ray spectroscopy measurements on 127Sb
were reported in Refs. [24, 37, 40]. The level scheme as
obtained in the present work is shown in Fig. 1. Table VI
shows the properties of all the transitions assigned in this
work.
The A− and Z−gated γ-ray spectra for 127Sb is shown
in Fig. 7. The tracked Doppler corrected prompt singles
γ-ray spectrum (γP ) for
127Sb is shown in Fig. 7(a). The
previously known 161, 193, 253, 365, 387, 392, 482, 516,
613, 931, 956, 999, 1096 and 1115 keV transitions are
seen. Two new prompt γ-ray transitions, namely 538
and 1052 keV transitions, are identified and these are
marked with an asterisk. The inset shows the tracked
Doppler corrected prompt γP -γP coincidence spectrum
with sum gate on the 387, 392, 539, and 613 keV γ-ray
transitions. This spectrum shows that the 253, 365, 387,
392, 482, 539, 613, 931 and 999 keV γ rays are in co-
incidence. A similar coincidence spectrum is obtained
for 161, 193, and 516 keV transitions (not shown in this
figure). The delayed singles γ-ray (γD) spectrum for
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FIG. 7. (Color online) A− and Z−gated γ-ray spectra for
127Sb: (a) The tracked Doppler corrected prompt singles γ-
ray (γP ) spectrum with the new γ-ray transitions marked with
asterisk. The inset shows the prompt γP -γP coincidence spec-
trum with a sum gate on γP ’s, namely 387, 392, 539 and
613 keV γ rays. (b) and (c) The delayed singles γ-ray (γD)
spectra for 0 < tdecay < 4 µs and 10 < tdecay < 100 µs,
respectively. The insets in (b) and (c) shows the delayed γD-
γD coincidence spectra with gate on 247 and 1115 keV γ rays.
(d) Tracked Doppler corrected γP in coincidence with the sum
gate of the γD’s, namely 85, 120, 131, 144, 247, 852, 956 and
1096 keV γ rays (for 0 < tdecay < 4 µs). The inset shows the
decay curve along ith the fit for the 131 keV transition. (e)
Tracked Doppler corrected γP in coincidence with the γD =
1115 keV γ-ray (for 10 < tdecay < 100 µs). The inset shows
the decay curve along with the fit for the 825 keV transition.
0 < tdecay < 4 µs is shown in Fig. 7(b), yielding 85, 120,
131, 144, 153, 247, 852, 956 and 1096 keV transitions,
as expected from the previous works. The 85, 120, and
153 keV transitions are newly identified (marked with
hash). The inset shows the delayed γD-γD coincidence
spectrum with gate on 247 keV transition, yielding 131,
852 and 1096 keV transitions, as reported in previous
measurements. The newly observed delayed transitions
are placed in accordance with that of 125Sb and summa-
tion of gammas. Similarly, Fig. 7(c) shows the singles
TABLE VI. Properties of the transitions assigned to 127Sb
obtained in this work. The top and bottom panels, separated
by a line, are for the prompt and delayed transitions, respec-
tively.
Eγ Iγ J
pi
i → J
pi
f Ei Ef
161.4 38(2) (21/2+)→ 23/2+ 2486 2325
192.6 15(2) (23/2+)→ (21/2+) 2678 2486
252.7 11(5) (37/2+)→ (35/2+) 5354 5101
365.1 12(2) (35/2+)→ (33/2+) 5101 4736
386.7 31(3) (31/2+)→ (29/2+) 4255 3868
391.8 60(3) (27/2+)→ (25/2+) 3256 2864
482.0 17(5) (33/2+)→ (31/2+) 4736 4255
516.1 13(3) (25/2+)→ (23/2+) 3194 2678
538.1 30(2) (27/2−)→ (23/2−) 3579 3041
539.1 100 (25/2+)→ 23/2+ 2864 2325
612.8 46(3) (29/2+)→ (27/2+) 3868 3256
930.9 32(2) (27/2+)→ (23/2+) 3256 2325
999.0 21(3) (31/2+)→ (27/2+) 4255 3256
1052.4 100 (23/2−)→ (19/2−) 3041 1989
84.8 11(9) (17/2−)→ (19/2−) 2074 1989
119.9 12(7) 19/2+ → (17/2−) 2194 2074
131.1 49(28) 23/2+ → 19/2+ 2325 2194
143.5 14(7) 19/2+ → 15/2+ 2194 2051
153.1 2(1) (17/2−)→ 15/2− 2074 1920
246.9 47(20) 19/2+ → 15/2+ 2194 1948
806.0 97(33) 15/2− → 9/2+ 1920 1115
824.8 61(21) 15/2− → 11/2+ 1920 1096
852.5 43(15) 15/2+ → 11/2+ 1948 1096
956.2 17(6) 15/2+ → 11/2+ 2051 1096
1095.8 61(20) 11/2− → 7/2+ 1096 0
1114.6 100 9/2+ → 7/2+ 1115 0
γD-ray spectrum for 10 < tdecay < 100 µs, leading to
806, 825, 1096 and 1115 keV transitions. The inset shows
the delayed γD-γD coincidence spectrum with gate on
1115 keV transition, yielding 806 keV γ-ray as expected
from previous works. The γ-ray transition, 69 keV, be-
tween the (19/2−) and 15/2− (similar 200 and 141 keV
transitions were observed in 123,125Sb isotopes, respec-
tively) could not be observed with the present setup, as
it is below the energy threshold. Assuming similar struc-
ture with the other odd-A Sb isotopes, the (19/2−) state
can be assumed to be an isomeric state in 127Sb. The
tracked Doppler corrected γP in coincidence with sum
gate of γD’s namely 85, 120, 131, 144, 247, 852, 956,
and 1096 keV transitions (for 0 < tdecay < 4 µs) is
shown in Fig. 7(d). This spectrum yields the prompt
γ-ray transitions, 161, 253, 365, 387, 392, 482, 539, 613
and 931 keV transitions. In the previous reference [37],
these prompt transitions were assigned negative-parities
and placed above the (19/2−) isomer. Instead, we sug-
gest these to be positive-parity states (placed above the
23/2+ isomer), as observed from the prompt-delayed co-
incidences. The half-life fit (one-component), shown in
the inset of Fig. 7(c), for the decay spectrum upon gating
on 131 keV transition yields a value of T1/2 = 269(5) ns
for the 23/2+ state (close to the value of 234(12) ns re-
ported in Ref. [24]), which has been shown in the in-
set. This gives B(E2; 23/2+ → 19/2+) = 33.4(7) e2fm4.
However, the tracked Doppler corrected γP in coincidence
with γD = 1115 keV for 10 < tdecay < 100 µs, resulted in
10
the observation of the newly identified 538 and 1052 keV
γ rays. These two transitions are thus placed above the
(19/2−) isomer, in accordance with the other odd-A Sb
isotopes. The inset shows the half-life fit (two-component
with one component fixed to 269 ns) for the decay spec-
trum upon gating on 825 keV transition, which yields a
value of T1/2 = 11.7(1) µs for the 15/2
− isomer (in agree-
ment with the value of 11(1) µs reported in Ref. [40]).
G. 128Sb
Previous γ-ray spectroscopy measurement on the high-
spin states in 128Sb was shown in Ref. [6]. The level
scheme as obtained in the present work is shown in Fig. 1.
Table. VII shows the properties of all the transitions as-
signed in this work.
The A− and Z−gated γ-ray spectra for 128Sb is shown
in Fig. 8. The tracked Doppler corrected prompt singles
γ-ray spectrum (γP ) for
128Sb is shown in Fig. 8(a). The
already known γ-rays, namely 288, 364, 773, 911, and
1061 keV, are seen. In addition, this spectrum shows
many new prompt γ rays, namely the 211, 245, 264,
414, 497, 541, 613 and 1195 keV transitions (marked
with asterisk). Besides, the 128 and 973 keV transitions
are also seen (marked with hash) are observed in both
γP (Fig. 8(a)) and delayed spectrum (γD) (Fig. 8(b)).
TABLE VII. Properties of the transitions assigned to 128Sb
obtained in this work. The top and bottom panels, separated
by a line, are for the prompt and delayed transitions, respec-
tively.
Eγ Iγ J
pi
i → J
pi
f Ei Ef
211.1 10(5) (18+)→ (17+) 3961 3749
244.8 20(4) (17+)→ (16+) 3749 3505
263.9 37(4) (16−)→ (15−) 3011 2748
288.4 27(3) (10−)→ (9−) 1061 773
364.3 60(1) (14−)→ (12−) 2333 1969
413.9 52(2) (15−)→ (14−) 2748 2333
497.0 20(1) (17−)→ (16−) 3508 3011
541.3 58(3) (16+)→ (15+) 3505 2964
612.9 100 (12+)→ (11+) 2230 1617
773.0 100 (9−)→ (8−) 773 0
910.9 76(2) (12−)→ (10−) 1969 1061
1061.4 46(2) (10−)→ (8−) 1061 0
1195.1 100 (15+)→ (13+) 2964 1769
127.8 12(7) (9+)→ (8+) 1540 1412
152.6 45(24) (13+)→ (11+) 1769 1617
189.4 11(5) (8+)→ (7+) 1412 1223
259.4 11(5) (7−)→ (8−) 259 0
359.9 14(6) (7+)→ (8−) 360 0
384.8 13(5) (11+)→ (9−) 1617 1232
523.6 25(9) (7+)→ (6+) 1223 697
556.2 42(15) (11+)→ (10−) 1617 1061
696.9 17(6) (6+)→ (8−) 697 0
767.0 63(22) (9+)→ (9−) 1540 773
843.8 32(11) (11+)→ (9−) 1617 773
973.3 20(7) (9−)→ (7−) 1232 259
1181.2 4(2) (9+)→ (7−) 1540 360
1540.4 43(15) (9+)→ (8−) 1540 0
1617.2 10(3) (11+)→ (8−) 1617 0
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FIG. 8. (Color online) A− and Z−gated γ-ray spectra for
128Sb: (a) Tracked Doppler corrected Prompt singles γ-ray
spectrum (γP ). The newly identified prompt and delayed
γ rays are marked with an asterisk and hash, respectively.
The inset shows the γP -γP coincidence spectrum with sum
gate on the γP ’s, namely the 264, 364 and 414 keV tran-
sitions. (b) The delayed singles γ-ray spectrum (γD) for
0 < tdecay < 4 µs. The newly identified delayed γ rays are
marked with hash. The inset shows the γD-γD coincidence
spectrum with gate on the delayed 773 keV γ-ray. (c) The γP
in coincidence with any delayed γ-ray for 0 < tdecay < 4 µs.
Again, the newly identified prompt transitions are marked
with an asterisk. The inset shows the γP -γP coincidence
spectrum with sum gate on many γP ’s, namely the 541 and
1195 keV transitions. (d) and (e) shows the decay curves
along with the fits for the delayed 153 and 773 keV transi-
tions, respectively.
The inset in Fig. 8(a) shows the prompt γ-γ coincidence
spectrum (γP -γP ) with a sum gate on the 264, 364 and
414 keV prompt transitions. This spectrum shows that
the 264, 364, 414, 497, 911 and 1061 keV transitions are
in coincidence. The delayed γ-ray (γD) singles spectrum,
with 0 < tdecay < 4 µs is shown in Fig. 8(b). This
spectrum shows new delayed γ-ray transitions namely,
128, 153, 189, 259, 360, 385, 524, 556, 697, 767, 844,
973, 1181, 1540 and 1617 keV (marked with hash), in
11
addition to the known 773 and 1061 keV transition. The
delayed γ-γ coincidence spectrum (γD-γD) with gate on
the 773 keV transition is shown in the inset of Fig. 8(b).
This spectrum shows that the 153, 767 and 844 keV are
in coincidence with the 773 keV transition. Figure 8(c)
shows the prompt spectrum (γP ) in coincidence with any
delayed γ-ray transition with 0 < tdecay < 4 µs is shown
in Fig. 8(c). The inset in Fig. 8(c) shows the γP -γP
coincidence spectrum with gate on the newly identified
541 and 1195 keV transitions. This spectrum shows that
211, 245, 541 and 1195 keV transitions are in coincidence
and placed above the (13+) isomer. But Fig. 8(c) shows
613 keV transition which is not present in the inset of
Fig. 8(c). Hence, the 613 keV transition is placed above
the (11+) isomer. Fig. 8(d) and (e) shows the decay
curves for 153 and 773 keV transitions. An exponential
fit for these curves yields values 217(7) ns (using one-
component fit) and 500(20) ns (using two-component fit
with one component fixed to 217 ns), respectively. This
gives B(E2; 13+ → 11+) = 23.1(8) e2fm4.
H. 129Sb
References [25, 41, 42] reported the previous γ-ray
spectroscopy measurements on 129Sb. The level scheme
as obtained in the present work is shown in Fig. 1. Ta-
ble VIII shows the properties of all the transitions as-
signed in this work.
The A− and Z−gated γ-ray spectra for 129Sb are
shown in Fig. 9. The tracked Doppler corrected prompt
singles γ-ray spectrum (γP ) for
129Sb is shown in
Fig. 9(a). The previously observed 1128 and 1161 keV
transitions are seen. Many new prompt γ-ray transitions,
namely 156, 315, 471, 530, 622, 645 and 1078 keV tran-
sitions are identified (marked with an asterisk). The
755 keV (marked with an hash) is observed in both
prompt (γP ) (Fig. 9(a)) and delayed spectrum (γD)
(Fig. 9(b)). The 1161 keV is actually depopulating
the 9/2+ state to the ground-state [41, 42], and this
TABLE VIII. Properties of the transitions assigned to 129Sb
obtained in this work. The top and bottom panels, separated
by a line, are for the prompt and delayed transitions, respec-
tively.
Eγ Iγ J
pi
i → J
pi
f Ei Ef
156.1 55(4) (21/2+)→ 23/2+ 2295 2139
314.7 44(4) (27/2+)→ (25/2+) 3075 2761
529.7 69(10) (27/2−)→ (23/2−) 3469 2939
622.1 100 (25/2+)→ 23/2+ 2761 2139
1078.6 100 (23/2−)→ 19/2− 2939 1851
98.3 38(7) 23/2+ → 19/2+ 2139 2040
189.2 71(34) 19/2+ → 19/2− 2040 1851
234.0 35(16) 19/2+ → (17/2−) 2040 1806
732.5 47(17) 15/2− → 11/2+ 1861 1128
755.0 37(15) (15/2+)→ 11/2+ 1883 1128
1128.5 100 11/2+ → 7/2+ 1128 0
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FIG. 9. (Color online) A− and Z−gated γ-ray spectra for
129Sb: (a) The tracked Doppler corrected prompt singles γ-
ray (γP ) spectrum with the new γ-ray transitions marked
with asterisk. The inset shows the tracked Doppler corrected
prompt γP -γP coincidence spectrum with gate on the newly
identified 1078 keV transition. (b) and (c) The delayed singles
γ-ray (γD) spectra for 0 < tdecay < 4 µs and 5 < tdecay < 10
µs, respectively. The insets in (b) and (c) shows the decay
curves along with the fits for the 189 and 732 keV transi-
tions, respectively. (d) Tracked Doppler corrected γP in co-
incidence with the sum gate of the γD’s, namely 98, 189, 234
and 755 keV delayed transitions (for 0 < tdecay < 4 µs).
is not shown in the current level scheme. The inset
shows the tracked Doppler corrected prompt γP -γP co-
incidence spectrum with gate on the newly identified
1078 keV transition. This spectrum shows that the 530
and 1078 keV transitions are in coincidence. A similar
coincidence spectrum is obtained for the 315 and 622 keV
transitions (not shown in this figure). However, no co-
incidences are seen upon gating on the 471 and 645 keV
transitions, and hence these are not placed in the level
scheme. The delayed singles γ-ray (γD) spectrum for
0 < tdecay < 4 µs is shown in Fig. 9(b), yielding 98,
189, 234, 755 and 1128 keV transitions, as expected from
the previous works. The 234 and 755 keV transitions
are newly observed (marked with hash). The 234 keV
12
is placed below the 19/2+ state decaying to (17/2−)
state, by following the systematics with the 120 keV
in 127 Sb and 108 keV in 131Sb. The 755 keV on the
other hand is assigned to be depopulating the (15/2+)
to the 11/2+ state, in accordance with the 852 keV in
127Sb and the shell model calculations. The required
157 keV from 19/2+ to (15/2+), as seen in the lower
odd-A Sb isotopes (442, 332, 247 keV in 123−127Sb, re-
spectively), is not seen in the delayed spectrum. The
half-life fit (one-component) for the decay spectrum upon
gating on 189 keV transition yields a value of T1/2 =
0.89(3) µs (in agreement with the value of 1.1(1) µs re-
ported in Ref. [25]), which gives B(E2; 23/2+ → 19/2+)
= 25.3(8) e2fm4 for the 23/2+ state. Similarly, Fig. 9(c)
shows the γD-ray spectrum for 5 < tdecay < 10 µs,
leading to 732 and 1128 keV transitions. A half-life fit
(two-component with one component fixed to 0.89 µs)
for the decay spectrum upon gating on 732 keV tran-
sition yields a value of T1/2 = 2.3(3) µs for the 15/2
−
state (in agreement with the value of 2.2(2) µs reported
in Ref. [25]). The tracked Doppler corrected γP in coinci-
dence with the sum gate of γD’s, namely 98, 189, 234 and
755 keV delayed transitions (0 < tdecay < 4 µs) is shown
in Fig. 9(d). This spectrum yields the newly identified
prompt 156, 315 and 622 keV γ-ray transitions. Thus,
all these transitions are placed above the 23/2+ isomer.
Since the 156 keV transition is not observed in coinci-
dence with 315 and 622 keV transitions (not shown in
this figure), it is assigned depopulating from (21/2+) to
23/2+ state, in accordance with the 161 keV in 127Sb and
206 keV in 131Sb. In addition, the γD in coincidence with
all these newly observed prompt transitions are studied
and all of these yield the 98, 189 and 1128 keV transitions
(not shown in this figure). The tracked Doppler corrected
γP in coincidence with any γD for 5 < tdecay < 10 µs, did
not result in any new prompt γ rays and hence no tran-
sitions are placed above the 15/2− isomer. No prompt-
delayed correlations could be carried out for the 19/2−
isomer, as it has a very long half-life of 17.7 min. As
the inset of Fig. 9(a) shows the coincidence of 530 and
1078 keV transitions and a similar systematics has been
observed in the lower odd-A Sb isotopes, these transitions
are placed above the 19/2− isomer.
I. 130Sb
Previous measurement on the high-spin states using γ-
ray spectroscopy in 130Sb was reported in Ref. [43]. The
level scheme as obtained in the present work is shown in
Fig. 1. Table. IX shows the properties of all the transi-
tions assigned in this work.
The A− and Z−gated γ-ray spectra for 130Sb are
shown in Fig. 10. The tracked Doppler corrected
prompt singles γ-ray spectrum (γP ) for
130Sb is shown
in Fig. 10(a). The already known 871 and 1143 keV γ
rays are observed. In addition, three new prompt tran-
sitions, namely 145, 505 and 822 keV transitions are ob-
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FIG. 10. (Color online) A− and Z−gated γ-ray spectra
for 130Sb: (a) Tracked Doppler corrected prompt singles γ-
ray spectrum (γP ). The newly identified prompt γ rays are
marked with an asterisk. The inset shows the tracked Doppler
corrected γP -γP coincidence spectrum with gate on the newly
identified 822 keV prompt γ-ray. (b) The delayed singles γ-
ray spectrum (γD) for 0 < tdecay < 5 µs. The inset shows the
γD-γD coincidence spectrum with gate on the delayed 365 keV
γ-ray. (c) The tracked Doppler corrected γP in coincidence
with the delayed γ rays = 365 and 1143 keV transitions, for
0 < tdecay < 5 µs. The newly identified prompt transitions
are marked with an asterisk. The inset shows the decay curve
along with the two-component fit for the delayed 365 keV
transition.
served, which are marked with an asterisk. The inset in
Fig. 10(a) shows the tracked Doppler corrected prompt γ-
γ coincidence spectrum (γP -γP ) with gate on the newly
identified 822 keV transition. This shows that the 505
and 822 keV transitions are in coincidence, as shown in
the level scheme. But 145 keV is not observed in coin-
cidence and hence not placed in the level scheme. Fig-
ure. 10(b) shows the delayed γ-ray (γD) singles spectrum
with 0 < tdecay < 5 µs. All the known delayed γ rays,
namely 85, 272, 365, 871 and 1143 keV transitions are ob-
served. The delayed γ-γ (γD-γD) coincidence spectrum
with gate on 365 keV transition is shown in the inset of
13
TABLE IX. Properties of the transitions assigned to 130Sb
obtained in this work. The top and bottom panels, separated
by a line, are for the prompt and delayed transitions, respec-
tively.
Eγ Iγ J
pi
i → J
pi
f Ei Ef
504.9 100 (12+)→ (11+) 2050 1545
821.8 48(8) (13+)→ (12+) 2872 2050
84.7 11(10) 6− → 8− 85 0
272.1 23(9) (10−)→ (9−) 1143 871
365.2 113(42) (11+)→ (10−) 1508 1143
871.1 29(7) (9−)→ 8− 871 0
1143.4 100 (10−)→ 8− 1143 0
Fig. 10(b). Figure 10(c) shows the tracked Doppler cor-
rected γP in coincidence with the sum gate of γD = 365
and 1143 keV transitions. This yields the newly identi-
fied 505 keV transition. As from the inset of Fig. 10(a),
the 505 and 822 keV transitions are seen in coincidence,
these two transitions are placed above the (11+) state,
following the systematics with the lower even-A Sb iso-
topes. The inset in Fig. 10(c) shows the decay curve for
the delayed 365 keV transition. A one-component fit to
this transition yielded a value shorter than 1.8(2) µs for
the (13+) state [43]. The discrepancy in the T1/2 of (13
+)
state may be due to the time of flight of ∼ 2 µs for the
setup used in Ref. [43], that bias the measurement of the
half-life to higher values. Thus, the (11+) state might
also have a half-life, as observed in the lower even-A Sb
isotopes. A two component fit (as shown in the lower
inset in Fig. 10(c)) was carried out, which yielded a half-
life of 1.25(1) µs for the (13+) state and 0.600(15) µs for
the (11+) state. The B(E2; 13+ → 11+) = 105(6) e2fm4
was obtained.
J. 131Sb
The high-spin γ-ray spectroscopy of 131Sb was previ-
ously reported in Refs. [26, 44]. The level scheme as
obtained in the present work is shown in Fig. 1. Table X
shows the properties of all the transitions assigned in this
work.
The A− and Z−gated γ-ray spectra for 131Sb are
shown in Fig. 11. The tracked Doppler corrected
prompt singles γ-ray spectrum (γP ) for
131Sb is shown
in Fig. 11(a). The previously known 1226 keV transi-
tion is seen in this spectrum. However the other tran-
sitions, namely, 96, 344, 382, and 450 keV are not seen
in Fig. 11(a), as these decay directly from long-lived iso-
mers. In addition, many new prompt γ-ray transitions,
namely 206, 313, 769, 776, 798, 820 and 1756 keV transi-
tions, are identified (marked with an asterisk). The inset
shows the tracked Doppler corrected prompt γP -γP coin-
cidence spectrum with gate on the newly idientified 1756
keV transition. This spectrum shows that the 769, 820
and 1756 keV transitions are in coincidence. A similar
0 200 400 600 800 1000 1200 1400 1600 1800
0
2000
4000
6000
0
50
100
150
200
250
300
0
400
800
0 200 400 600 800 1000 1200
Energy (keV)
0
10
20
30
0 400 800
0
10
20
2 4 6 8 10
1
10
100
50 100 150
1
10
100
Co
un
ts/
2 
ke
V
Co
un
ts/
1 
ke
V
Co
un
ts/
1 
ke
V
Co
un
ts/
1 
ke
V
(d) γP in coincidence with sum gate of γD’s(0 < tdecay < 3 µs)
82
0 
*7
69
 *
31
3 
*
20
6 
*
45
0
12
26
(c) γD (5 < tdecay < 150 µs)
Time (µs)
Co
un
ts
γD = 450 keV
T1/2 = 64(3) µs
34
4
38
2
96
(b) γD (0 < tdecay < 3 µs) γD = 344 keV
T1/2 = 0.97(3) µs
γP-γP with 1756* gate 
82
0 
*
76
9 
*
20
6 
*
31
3 
*
12
26
17
56
 *
Time (µs)
Co
un
ts
Energy (keV)
Co
un
ts/
2 
ke
V(a) γP
76
9 
*
77
6 
*
79
8 
*
82
0 
*
77
6 
*
c@
FIG. 11. (Color online) A− and Z−gated γ-ray spectra for
131Sb: The tracked Doppler corrected prompt singles γ-ray
(γP ) spectrum with the new γ-ray transitions marked with as-
terisk. The inset shows the tracked Doppler corrected prompt
γP -γP coincidence spectrum with gate on the newly identified
1756 keV transition. (b) and (c) The delayed singles γ-ray
(γD) spectra for 0 < tdecay < 3 µs and 5 < tdecay < 150 µs,
respectively. The insets in (b) and (c) shows the decay curves
along ith the fits for the 344 and 450 keV transitions, respec-
tively. (d) Tracked Doppler corrected γP in coincidence with
the sum gate of the γD’s, namely 96, 344 and 382 keV delayed
transitions (for 0 < tdecay < 3 µs).
coincidence spectrum is obtained for the 206, 313 and
776 keV transitions (not shown in this figure). However,
no coincidences could be observed with a gate on the
798 keV transition, and hence this is not placed in the
level scheme. The delayed singles γ-ray (γD) spectrum
for 0 < tdecay < 3 µs is shown in Fig. 11(b), yielding
96, 344 and 382 keV transitions, as observed in previ-
ous measurements. The half-life fit (one-component) for
the decay spectrum upon gating on 344 keV transition
yields a value of T1/2 = 0.97(3) µs for the 23/2
+ state (in
agreement with the value of 1.1(2) µs given in Ref. [26]),
yielding B(E2; 23/2+ → 19/2+) = 24.6(8) e2fm4. Simi-
larly, Fig. 11(c) shows the delayed γ-ray spectrum for 5
< tdecay < 150 µs, leading to 450 and 1226 keV transi-
14
118 120 122 124 126 128 130
1000
1100
1200
1300
118 120 122 124 126 128 130
(a) Sn (Exp.) (b) Sb (Exp.)
11/2+
10-
2+
15/2-
En
er
gy
 D
iff
er
en
ce
 (k
eV
)
Mass Number, A
FIG. 12. (Color online) Evolution of the experimental energy differences, as a function of mass number, in Sn (open symbols)
(a) E(2+) − E(0+) (red square), E(15/2−) − E(11/2−) (black circle), and in Sb (shaded symbols) (b) E(11/2+) − E(7/2+)
(red square), E(10−)−E(8−) (black circle). The filled symbol is the newly observed state from the present experiment.
TABLE X. Properties of the transitions assigned to 131Sb ob-
tained in this work. The top and bottom panels, separated
by a line, are for the prompt and delayed transitions, respec-
tively.
Eγ Iγ J
pi
i → J
pi
f Ei Ef
206.1 56(4) (21/2+)→ 23/2+ 2372 2166
313.3 16(3) (25/2+)→ (23/2+) 3461 3148
768.7 100 (25/2+)→ 23/2+ 2935 2166
776.0 38(5) (23/2+)→ (21/2+) 3148 2372
820.0 43(4) (27/2+)→ (25/2+) 3755 2935
1755.7 36(5) (31/2+)→ (27/2+) 5510 3755
96.3 11(8) 23/2+ → 19/2+ 2166 2070
343.6 30(11) 19/2+ → 17/2− 2070 1726
382.4 16(6) 19/2+ → 19/2− 2070 1688
450.0 61(22) 15/2− → 11/2+ 1676 1226
1226.2 100 11/2+ → 7/2+ 1226 0
tions. A half-life fit (using a three component fit with
two compnents fixed to 0.97 µs and 4.3 µs) for the de-
cay spectrum upon gating on 450 keV transition yields
a value of T1/2 = 64(3) µs for the 15/2
− state (in agree-
ment with 65(5) µs quoted by Ref. [26]). The B(E2;
19/2− → 15/2−) = 41(8) e2fm4, as given in Ref. [22].
The tracked Doppler corrected γP in coincidence with
the sum gate of the γD’s, namely 96, 344 and 382 keV
delayed transitions (for 0 < tdecay < 3 µs) is shown in
Fig. 11(d). This spectrum yields almost all the newly
identified prompt γ-ray transitions, that are placed above
the 23/2+ isomer. In addition, the γD in coincidence with
all the newly observed prompt transitions are studied and
all of these yield the 96, 344 and 382 keV transitions (not
shown in this figure). However, the tracked Doppler cor-
rected γP in coincidence with any γD for 5 < tdecay < 150
µs, did not result in any new prompt γ rays and hence
no transitions are placed above the 15/2− isomer. Also,
no transitions could be placed above the 19/2− isomer.
IV. DISCUSSION
A systematic study of both odd-A and even-A
122−131Sb isotopes was carried out in this work. The ob-
served excited states in 122−131Sb (Z = 51) isotopes have
a close correspondence with those in 121−130Sn (Z = 50)
isotopes. This can be evidenced from the similarities in
the energy differences of the low-lying states in the even-
A/odd-A Sn i.e. E(2+)−E(0+) ∼ E(15/2−)−E(11/2−)
and odd-A/even-A Sb i.e. E(11/2+) − E(7/2+) ∼
E(10−)−E(8−), respectively. This is depicted in Fig. 12.
Similar correspondence for selected high-spin states is
presented in Fig. 13. These similarities are due to the
fact that the Sb isotopes have a single valence proton
particle in the g7/2 orbital in addition to neutrons in the
corresponding Sn isotopes.
A better understanding of the aforementioned corre-
spondence for the high-spin states in Sb and Sn isotopes
was achieved by performing shell model calculations,
with the interaction used in Ref. [6] (denoted by SM1).
The model space was constituted of a restricted single-
particle space consisting of active particles, the neutrons
in (ν) d3/2, s1/2, h11/2 orbits, and a proton in (pi)
g7/2 orbit near the Fermi surface. This interaction was
derived from the original jj55pn interaction [48], where
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observed states from the present experiment.
the diagonal Two-Body Matrix Elements (TBMEs)
were adjusted to account for the missing correlations
in the restricted model space. The modified (original)
multiplets, used in Ref. [6] were:
(i) 〈d2
3/2; I|Hˆ|d
2
3/2; I〉 = -0.6048 (-0.3024), and
0.22104 (0.14814) for I = 0 and 2, respectively;
(ii) 〈s2
1/2; I|Hˆ|s
2
1/2; I〉 = -0.959904 (-0.59994) for I = 0;
(iii) 〈h2
11/2; I|Hˆ|h
2
11/2; I〉 = -1.88544 (-0.94545),
-0.88533 (-0.435330), 0.20683 (0.10683),
0.27145 (0.17145), and 0.33148 (0.23148) for I = 0, 2, 6, 8
and 10, respectively;
(iv) 〈d3/2h11/2; I|Hˆ|d3/2h11/2; I〉 = -0.08335 (0.016650)
for I = 4; and
(v) 〈d3/2s1/2; I|Hˆ|d3/2s1/2; I〉 = 0.05607 (-0.06399), for
I = 2;
where Hˆ represents the Hamiltonian. Effective charges
of eν = 0.9 and epi = 1.8 were chosen to reproduce
the known B(E2) values in 130Sn (B(E2); 10+ → 8+)
and 134Te (B(E2); 6+ → 4+) isotopes. The calcu-
lations were performed using the shell model code,
NATHAN [49]. Using SM1, the excitation energies
could be well reproduced, while the binding energies
and B(E2) transition probabilities were not properly
reproduced. This is illustrated for 127Sb for the level
energies and for the B(E2; 23/2+ → 19/2+) in odd-A
Sb isotopes in Fig. 14. Similar inconsistencies were
observed for the other isomeric transitions (not shown
in the figure).
Therefore, to improve the agreement of B(E2) values,
the following parameters of the shell model interaction
were modified (denoted by SM2):
(i) the monopole part of 〈h2
11/2|Hˆ|h
2
11/2〉 was reduced by
185 keV, which led to an improved reproduction of the
binding energies and the (B(E2); 10+ → 8+) for the
even-A Sn isotopes;
(ii) the monopole part of 〈d2
3/2|Hˆ|d
2
3/2〉 was reduced by
450 keV, which led to a better reproduction of the
(B(E2); 23/2+ → 19/2+) in odd-A Sb isotopes;
(iii) the pairing term, 〈d2
3/2|Hˆ|h
2
11/2〉, was increased by
260 keV, which led to the agreement of all the B(E2)
values, except those for the odd-A Sb isotopes. Also, all
the excitation energies became higher by 2 MeV;
(iv) the pairing term, 〈h2
11/2|Hˆ|h
2
11/2〉, was increased by
140 keV, to compensate for this increase in excitation en-
ergies as well as seeing to it that the B(E2)’s of all the
Sn and Sb do not change drastically;
(v) the 〈pig7/2νh11/2; I|Hˆ|pig7/2νh11/2; I〉 (I = 8) was re-
duced by 400 keV, which reproduced the B(E2)’s for the
odd-A Sb as well; and
(vi) the monopole part of 〈d3/2h11/2|Hˆ|d3/2h11/2〉 was
increased by 30 keV to achieve a better reproduction of
B(E2) in odd-A Sn isotopes.
These modifications led to the reproduction of the bind-
ing energies (within ∼ 2 MeV), excitation energies
(within ∼ 500 keV) and the B(E2) transition strengths
(within ∼ 50 e2fm4) for the isotopic chains of 119−130Sn
and 121−131Sb. The energies of the excited states for
127Sb and the improved B(E2) values for the odd-A Sb
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FIG. 14. (Color online) (a) Comparison of the experimental level schemes with that obtained from shell model calculations
using the interaction in Ref. [6] (SM1 blue) and the modified interaction in the present work (SM2 red) for both positive and
negative-parity states in 127Sb. The different states with the same spin have been joined by dotted lines to show the agreement.
(b) The experimental and calculated B(E2) values (black square) for the 23/2+ → 19/2+ in odd-A 123−131Sb (see text).
isotopes are shown in Fig. 14. The reason behind the
large discrepancy in the B(E2)’s between SM1 and SM2
can be understood based on the difference in the wave-
functions obtained in both calculations. The wavefunc-
tions from SM2 are much more fragmented configuration
wise than those in SM1, leading to the dramatic reduc-
tion in the B(E2) values.
A. Excitation energies
A comparison of the experimental (black) and calcu-
lated (red) level schemes (using SM2) for both the posi-
tive (+ve) and negative (-ve) parities in odd-A 123−131Sb
isotopes is shown in Fig. 15. The data for 121Sb is taken
from Ref. [23] and is also shown in this figure for compar-
ison. The calculated order for the 9/2+ and 11/2+ states
are inverted only for the odd-A 123−125Sb isotopes. A
mismatch in the ordering of the 15/2−, 17/2− and 19/2−
states are observed in 121−129Sb isotopes, as these states
are very close in energy. Similarly, Fig. 16 shows the
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FIG. 15. (Color online) Comparison of experimental (Exp.) (shown in black) [22–26] and theoretical calculations (from shell
model (SM2)) (shown in red) level schemes for odd-A 121−131Sb isotopes for both positive (+ve) and negative (-ve) parities.
The experimental and shell model states of the same spin-parity have been joined with dotted lines to show the agreement.
comparison of the experimental (black) and calculated
(red) level schemes for both the positive (+ve) and neg-
ative (-ve) parities in even-A 122−130Sb isotopes. The
data for 120Sb is taken from Ref. [45] and is also shown
in this figure for comparison. This figure shows that the
experimental energies are in reasonable agreement with
the theoretical calculations.
Isomeric 15/2−, 19/2−, and 23/2+ were previously ob-
served in odd-A Sb isotopes. These were interpreted as
the odd g7/2 proton coupled to the known isomeric 5
−,
7−, and 10+ states in the corresponding even-(A-1) Sn
isotopes, respectively [40]. These states along with the
6− and 8+ states for even-A Sn and the 17/2− and 19/2+
states for odd-A Sb are shown in Fig. 13(a) and (b), re-
spectively. In addition, the evolution of 19/2+ and 23/2+
states in odd-A Sn; and 11+ and 13+ states in even-A Sb
are shown in these plots. The newly identified (17/2−)
and (19/2−) states in 127Sb; and the (17/2−) state in
129Sb (from the current experimental analysis) fit in the
systematics. Comparison with the Sn isotopes shows that
the energies of the positive-parity states in Sb follow a
similar pattern to that of the Sn isotopes, with a slight
dip in the case of 129Sb. Also, the crossing of the 7−
and 5− observed at 128Sn is seen in the equivalent states
in 129Sb. In addition, the newly identified 11+ and 13+
states in even-A Sb isotopes follow a similar pattern to
the corresponding 19/2+ and 23/2+ states in odd-A Sn
isotopes.
B. B(E2) Transition probabilities
The experimental B(E2) values along with SM2 shell
model calculations are shown in Fig. 17.
Case I: (a) 10+ → 8+ in even-A 118−130Sn [16, 21, 46],
(b) 23/2+ → 19/2+ in odd-A 123−131Sb (see text),
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FIG. 16. (Color online) Comparison of experimental (Exp.) (shown in black) [6, 35, 36, 43, 45] and theoretical calculations
(from shell model (SM2)) (shown in red) level schemes for even-A 122−130Sb isotopes for both positive (+ve) and negative (-ve)
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Case II: (c) 7− → 5− in even-A 118−126Sn [21], (d)
19/2− → 15/2− in odd-A 123−131Sb (see text),
Case III: (e) 23/2+ → 19/2+ in odd-A 119−129Sn [20,
21], (f) 13+ → 11+ states in the even-A 126−130Sb (see
text), and
Case IV: (g) 27/2− → 23/2− in odd-A 119−129Sn iso-
topes [20, 21, 47].
The full calculations are shown by red solid lines, those
restricted to one broken pair are shown by dash-dotted
green lines, and the full calculations with proton effective
charge, epi = 0, are shown by dotted violet lines. The se-
niority mixing, represented by the ratio of probabilities
of lowest, natural (υν) and higher (υν + 2) neutron se-
niorities (P (υν)/P (υν + 2)), are shown in Fig. 17 (h-j)
for Cases I-III, respectively. The dotted black line with
P (υν)/P (υν+2) = 1 represents that the mixing of senior-
ities, υν and υν + 2, are equal. Similarly, Fig. 17 (k-m)
for Cases I-III, respectively, denote the neutron angular
momentum mixing, represented by the ratio of probabil-
ities of highest (Iν) and lower (Iν − 2 or Iν − 1) neutron
angular momenta (P (Iν)/P (Iν − 2) or P (Iν)/P (Iν − 1)).
The dotted black line, similar to the case of neutron se-
niorities, denotes that the mixing of Iν and Iν−2 or Iν−1
are equal.
The present calculations agree well with the ex-
perimental values and the experimental trends are
reproduced. In general, the shape of the B(E2) curves
for Sn follow a parabolic behaviour, as expected for
seniority scheme. The full calculation and the one
restricted to one broken pair, in Sn, are very similar and
also the calculated neutron seniority υν = 2, 3 dominates
for odd-A, even-A Sn, respectively. In addition, the
behaviour of B(E2) for odd-A Sb isotopes is similar to
that of the corresponding Sn, except the even-A Sb.
The proton charge (epi) does not have a considerable
impact on the B(E2), except in even-A Sb. A detailed
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and (g) 27/2− → 23/2− in odd-A 119−129Sn isotopes [20, 21, 47]. The shell model calculations using the full interaction SM2
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discussion of the four different cases, mentioned above,
is given below:
Case I: From shell model calculations, it is seen that
the dominant configuration of the 10+ and 8+ states
in even-A Sn is νh−2
11/2, while that of the 23/2
+ and
19/2+ states in odd-A Sb is pig7/2νh
−2
11/2. The nature
of the curves in Fig. 17 (a) and (b) is not completely
identical. This is evident from the differences in the
full calculations and that restricted to one broken pair
in Sb. For a microscopic understanding behind this
difference, a comparison of the neutron seniority for the
23/2+ and 19/2+ states was carried out. Figure. 17
(h) shows that the lowest neutron seniority υν = 2 is
mixed with υν = 4 for both states. The mixing increases
with the increasing number of valence neutron holes.
However, for the lowest A, the number of available
neutron pairs is reduced in the restricted model space,
which leads to a sudden drastic decrease in seniority
mixing. In addition to mixing of neutron seniorities,
neutron angular momentum mixing is also observed, as
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FIG. 18. (Color online) (a) The states with different neutron seniorities at different excitation energies in even-A Sn (Z,N)
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seniority υν = n and υν = n+ 2 (n = 0, ..., 4), as shown in (a), for odd-A and even-A
119−130Sn and 121−131Sb nuclei.
shown in Fig. 17 (k). The angular momentum mixing
also increases with increase in the number of valence
neutron holes. A comparison of neutron seniority and
neutron angular momentum mixing plots shows that the
angular momentum mixing is the dominant one.
Case II: Shell model calculations show that the
dominant configuration of the 7− and 5− states in
even-A Sn is νh−1
11/2d
−1
3/2, while that of the 19/2
− and
15/2− states in odd-A Sb is pig7/2νh
−1
11/2d
−1
3/2. The
nature of the curves in Fig. 17 (c) and (d) is similar.
A comparison of the neutron seniority for the 19/2−
and 15/2− states was carried out. Figure. 17 (i) shows
that the lowest neutron seniority υν = 2 is mixed with
the υν = 4 for both the states, similar to Case I.
In addition to mixing of neutron seniorities, neutron
angular momentum mixing is also observed, as shown
in Fig. 17 (l), which is of similar order as the seniority
mixing. The angular momentum mixing also increases
with increase in the number of valence neutron holes.
Case III: The shell model calculations show that the
dominant configuration of the 23/2+ and 19/2+ states
in odd-A Sn is νh−2
11/2d
−1
3/2, while that of the 13
+ and 11+
states in even-A Sb is pig7/2νh
−2
11/2d
−1
3/2. The nature of
the curves in Fig. 17 (e) and (f) is significantly different.
This is also evident from the differences in the full
calculations and that restricted to one broken pair in Sb.
The calculations with proton charge restricted to 0 show
that the neutrons have a considerable impact on the
B(E2) in even-A Sb. For a microscopic understanding
behind this difference, a comparison of the neutron
seniority for the 23/2+ and 19/2+ states was carried
out. Figure. 17 (j) shows that the lowest neutron
seniority υν = 3 is mixed with the υν = 5 for both
states. The mixing increases with the increase in the
number of valence neutron holes. In addition to mixing
of neutron seniorities, neutron angular momentum
mixing is also observed, as shown in Fig. 17 (m). The
angular momentum mixing also increases with increase
in the number of valence neutron holes. A comparison
of neutron seniority and neutron angular momentum
mixing plots show that the angular momentum mixing
is the dominant one, just like in the Case I. It can be
noted that around A = 126, as compared to the earlier
two cases, both the seniority and angular momentum
mixing are significant; the higher seniority (υν + 2) and
the lower angular momentum (Iν − 2) dominate the 11
+
and 13+ states.
Case IV: The shell model calculations show that the
dominant configuration of the 27/2− and 23/2− states
in odd-A Sn is νh−3
11/2. The corresponding isomer in
even-A Sb with configuration pig7/2νh
−3
11/2 is expected
at Ipi = 16−. In the present work, the 16− states in
126,128Sb decay by M1 transitions to 15− states, and
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hence no isomer was observed. In 120Sb, in contrast,
the 16− state decays via a 148 keV transition to the
14− state and has a half-life T1/2 = 14(3) ns [45]. The
nature of the curve in Fig. 17 (g) is a parabola, similar
to Fig. 17 (a). The present calculations show that the
dominant seniority for these states is υν = 3, which in
fact is in agreement with the calculations assuming only
one broken pair.
C. Neutron pair breaking energies
A striking feature of the constancy of the energy dif-
ferences, where the increase in the number of broken
neutron pairs is involved, was observed and is shown in
Fig. 18. Figure 18(a) shows particular states in even-
A Sn (Z,N) (124Sn), and odd-A Sn (Z,N + 1) (125Sn)
isotopes, which involve the breaking of a pair of neu-
trons, leading to increase in seniority from υν = n to
υν = n+ 2 , where n = 0, ..., 4 at different excitation en-
ergies. Similar states in odd-A Sb (Z+1, N) (125Sb) and
even-A Sb (Z +1, N+1) (126Sb) isotopes are also shown
in the same figure. All the arrows represent the energy
difference quantum with magnitude of ∼ 1.1 MeV. The
blue arrow represents breaking of first pair of neutrons
in even-A Sn (E(2+ → 0+)). The red arrows are for all
the other transitions. A plot of the energy differences in
119−130Sn and 121−131Sb isotopes is shown in Fig. 18(b).
A subset of this figure, including only the lower spins,
was shown earlier in Fig. 12. This figure shows that the
average energy for the breaking of the first and second
pair of neutrons is ∼ 1.1 MeV, and this is constant (with
a deviation of ∼ 100 keV) for a wide range of mass num-
bers, irrespective of the excitation energy and mixing of
neutron seniorities (υν) in the case of Sn and Sb. In addi-
tion, it follows the behaviour of even-A Sn (E(2+ → 0+))
isotopes.
V. SUMMARY AND CONCLUSIONS
The neutron-rich 122−131Sb isotopes were produced as
fission fragments in the reaction 9Be (238U, f) with 6.2
MeV/u beam energy. The isomers already known in the
odd-A 123−131Sb isotopes were confirmed and a number
of new prompt and delayed transitions were identified
for all these isotopes. New isomers, prompt and delayed
γ rays were identified in the even-A 122−130Sb isotopes.
These results could be achieved using the unique combi-
nation of AGATA, VAMOS++ and EXOGAM detectors,
which was used for the prompt-delayed spectroscopy of
fission fragments. A good agreement was achieved be-
tween the experiment and the results of the shell-model
calculations in the restricted model space using an opti-
mised interaction. Also the level schemes were in good
agreement with that of the corresponding states in the Sn
isotopes. The presence of a single valence proton parti-
cle in the g7/2 orbital leads to a neutron seniority mixing
and neutron angular momentum mixing in the Sb iso-
topes for all the states. The angular momentum mixing,
in general, was found to be significantly stronger than the
seniority mixing. This work shows that further experi-
mental work is required to search for new isomers in the
even-A 122,124Sb isotopes, which could not be observed
in this work either due to low statistics, too long half-life
or too short half-life. This will give more insight into the
nature of the B(E2) values, and hence the mixing of se-
niorities and angular momenta due to the νpi interaction.
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